ABSTRACT A major achievement in particle accelerator physics has been the invention of stochastic cooling, a method which increases the density of beams of rare particles, like antiprotons, by several orders of magnitude.
INTRODUCTION
Ten years ago, the first beam of antiprotons, the heavy constituents of antimatter, circulated in a machine called ICE. Three years later, antiprotons were stored in a quasi-continuous way in the Antiproton Accumulator. The first antiproton factory was born [1] . These pioneering experiments took place at the European Laboratory of Particle Physics (CERN). They were followed by the Tevatron Project [2] at the Fermi National Accelerator Laboratory in Batavia, Illinois, USA and the LEAR project at CERN [3] . These facilities are dedicated to fundamental particle physics. Results of paramount importance have already been obtained with the discovery at CERN of the W and Z particles which mediate the electroweak force, a synthesis of the electromagnetic and weak interactions which, for instance, explains the mechanism of the nuclear combustion in the sun or the explosion of the external layer of a supernova. Such discoveries, inevitably, trigger new questions which should be answered, at least partially, by the Tevatron and a new generation of experiments at CERN made possible with an upgraded antiproton source whose acronym, ACOL, stands for Antiproton Collector [4] .
The antiprotons are created during the impact of a high-energy proton beam on a solid target. The proton kinetic energy is converted into the creation of a few proton-antiproton pairs which emerge downstream of the target within a rather wide solid angle and with a large dispersion in energy. Such scarce particles produced in so diffuse a way are not amenable to efficient storage without special treatment dubbed "cooling" because it reduces the temperature of the antiprotons in the moving frame of their barycentre.
One type of cooling is based upon the Coulomb interaction between a *CERN, Geneva, Switzerland well-collimated electron beam and the antiprotons, it is well suited for antiproton energies below a few hundreds of MeV and is even planned for the Soviet High-Energy Physics Complex, UNK. However, Coulomb coupling diminishes dramatically when the energy reaches the GeV range and the European and American antiproton sources rely on electromagnetic correction of the antiproton beam, the stochastic cooling technique.
PRINCIPLES OF STOCHASTIC COOLING
The principle of stochastic cooling [5] consists of sampling a continuous, or, sometimes, bunched beam circulating in a storage ring and of reducing the deviation in position or momentum of each sample barycentre with respect to nominal values. The beam samples are detected by an array of electrodes, the pick-up and corrected by a similar device, the kicker (Fig. 1) . The time delay of the electromagnetic signal is arranged to be equal to the propagation time of the particles from pick-up to kicker. If the samples were the same at each revolution, a stationary state would be obtained after one turn and the re-ordering of the beam would be modest. Fortunately, due to their different momenta, the particles do not all travel at the same velocity and the samples are partially randomized at each turn and pick-up traversal.
The description of stochastic cooling in the time domain is best transposed in the frequency domain not only because the formalism is better suited to certain theoretical aspects buit also for the specification of the electromagnetic systems. In the frequency domain, a sample becomes a wave packet. The frequencies are distributed over a band whose width W determines a characteristic cooling time i r N for a beam containing N particles:
The beam fluctuations have bands of frequency signals named the Schottky spectrum. A single particle rotating on its orbit at the frequency fo has a line spectrum of periodicity fo ( Fig. 2 ): f = nfo whereas a set of particles inside a finite momentum byte Ap has a band spectrum for which each band has a width:
In practice, the particles oscillate about their orbits, the signal is then modulated in amplitude and each harmonic has two side-bands. One notes that the bands are broadened at high frequency (Fig. 3) ; as it can be proven that cooling is optimum when the bands are separated, it results that an upper value of the frequency bandwith is determined by the non-overlapping conditions of the Schottky bands. The cooling manifests itself by shrinkage of the Schottky bands (Fig. 4) 
COUPLING BETWEEN BEAM AND ELECTRODES
There exist a variety of methods to couple the electromagnetic field generated by charged particles with detection devices or, conversely, to transmit external electromagnetic power to a particle beam. As a general rule, the reciprocity principle is applied: any structure used as a pick-up can also act as a kicker and vice versa. A review of the methods used to couple particle beams with electromagnetic devices is given in [6] . Here, the description is limited to the stripline electrode for which the mechanism of the interaction is shown in Fig. 5 in the case of a kicker. For the longitudinal motion, a particle which grazes the electrode is accelerated, or decelerated, in the gaps where the electric field is parallel to the direction of motion. In the case of the transverse motion, the interaction takes place all along the electrode where the fields are perpendicular to the direction of motion. The electromagnetic wave (TEM mode) travels against the particle so that the deflections applied to the particles are always additive. In the case of a pick-up, the signal travels also against the particle and is therefore detected at the upstream end of the electrode whereas the downstream end is terminated by a load whose impedance is the characteristic impedance of the line ZL. In the method which has just been described, it is the electromagnetic power transferred to the beam which is added at each passage through an electrode gap. The efficiency would be increased if the voltage, instead of the power, was summed over the length of the electrode array. This can be done by connecting two consecutive loops with a half-wavelength line and one can show that the new coefficient K,, becomes K,, =4F 2g,, j -8)tgasin n( -) At the mid frequency where 8 is still r/2, the efficiency is increased by In with respect to the single electrode case but the improvement has to be paid by a bandwith reductioni. This solution has been retained for the ACOL project where electrodes are connected in groups of two.
A longitudinal pick-up is characterized by its transfer impedance VB where TB is the particle current and VB the voltage delivered at the output of the electrode array on a nominal impedance RO; VB is conjugate to VK in the pick-up kicker correspondance. [7] and it has been adopted in the ACOL project (Fig. 6 ).
SIGNAL PROCESSING
A stochastic cooling system, especially when its cooling time is 
integrated with all possible ingenuity. As it has been already mentioned, pick-up and kicker have reciprocal functions and their structure is very similar; for this reason, signal pocessing will be mainly described for the pick-up.
The number of electrodes or superelectrodes in a pick-up is determined by the signal to noise power ratio which is optimum near unity. When the pick-up length is not compatible with the space available in the storage ring, the background noise is reduced by thermal cooling of the structures. In ACOL, a thermal shield surrounds the pick-up and absorbs the radiation until an equilibrium temperature close to 100 OK is reached. In addition, the loads and the preamplifiers are refrigerated at 40 OK in a special cold pot. The signals delivered by the various electrodes are usually combined outside the vacuum tank but, in a cold environment, the thermal leaks have to be minimized and a great part of the signal processing takes place in vacuo. The electrodes downstream ends are connected to a common load and the upstream ends to the same low-noise preamplifier through identical circuits which have a tree structure. Each branch has two functions: electrical delay and impedance matching using one or several 1/4 wavelength transformers depending on the frequency bandwidth. In a pick-up tank, three levels ( Fig. 8) can be considered, a combiner board near the electrodes, coaxial lines which transport the signals to a final impedance transformer which has the shape of a modified exponential stripline.
The combiner board is made of silver microstrips deposited on an alumina substrate. The topology of the strips, their shape and the masks were obtained using MICROS4 CAD program [8] . The difference electromagnetic modes due to unavoidable unbalances between adjacent lines are damped in Wilkinson resistors. In order to meet the electrical and vacuum compatibility requirements, the thick layer technology turned out to be best suited. After layer deposition by serigraphy, the boards were fired at 850 OC in a two-day temperature cycle. This long process is imposed by the dimensions of the alumina plates: 170 x 400 x 3 mm. Due to their large dimensions and by analogy with the techniques currently used in microelectronics, such combiners can be called macrocircuits.
The tank size exceeds the electromagnetic wavelength by far and spurious cavity modes are excited. These modes spoil the quality of the system response and are therefore damped by resistive layers on the board itself (R0 10 Q) and in ferrite tiles clamped on metallic walls located on each side of the particle beam. The ferrite is a Nickel-Zinc composite material which outgases little and keeps its magnetic properties at low temperature.
The kicker tank (Fig. 7) resembles the pick-up tank but works at room temperature. The electrode supports are water cooled to eliminate the heat of the loads into which the electromagnetic power is dumped.
Needless to say, the adjustment of such systems requires numerous laboratory experiments and a careful testing at all the stages of the assembly. The laboratory measurements are made for the operations in the transverse mode. A complete structure is laid on a ground plate and the particle beam is simulated by a 50 Q stripline terminated by its characteristic impedance. The frequency response of the structure is obtained using a vector network analyzer. The connection between pick-up and kicker is shown in Fig. 9 . After amplification, the pick-up signals are combined in a hybrid circuit so that one gets at the output ports their sum and difference which are proportional to the momentum and position deviations respectively. The converse combination is made at the input to the kicker. Between 
AMPLIFICATION
Once the signal has been processed in the most efficient way, a considerable amplification is still needed. In the ACOL and TEVATRON projects, the amplification covers a range of 150 dB and more for the fast cooling systems; the beam fluctuations and the background noise are indeed of the order of I picowatt whereas the power applied to the kicker may exceed 1 kilowatt. All the amplifiers use gallium arsenide field effect transistors and both low noise preamplifiers and power ampliers were the object of thorough developments.
Low noise auplifiers
The low noise preamplifiers have benefited from the pioneering work of radio-astronomers [9] . The special characteristics of the stochastic cooling pre-amplifiers are their broad band and their ultralinear phase response. The first step in the design consists of choosing a bias current which gives an acceptable compromise between a low noise figure and a sufficient gain. Then, the complex input reflection coefficient r is measured, converted into an impedance Z and the input circuit matches the external impedance (50 Q) to the complex conjugate impedance Z of Z. Conductance and susceptance matching are obtained using 1/4 wavelength line and shunt inductors (or open circuited 1/8 wavelength line). In the Gigahertz range, lumped elements or coaxial lines may still be preferred to microstrips especially when few amplifiers have to be built. The three-stage Tevatron preamplifier [10] is schematically represented in Fig. 10 ; its parameters are given in Table 1 . .2f .5) [12] to build 100 watt power amplifiers in the first band of the ACOL project 1 -1.6 GHz using a double cascade of paralleled four transistor modules connected by hybrid couplers (Fig. 12) . For the second band (1.6 -2.4 GHz), a somewhat lower power can be obtained using a four-stage cascade of two transistor modules. The same topology is used for the third band (2.4 -3 GHz) replacing FLL 100 by FLL 50 transistors which have a higher gain but the output power is about twice as low (Fig. 13) 10 degrees. In addition, as a result of a comparison with the TEVATRON project which started earlier and was based on TWT amplifiers, it turns out that the cost per watt is cheaper for the FET technology by a factor 2.7, 1.7 and 1.3 for bands I, II and III respectively.
All the techniques of the low noise amplifiers can be transferred to power amplifiers by taking the output power instead oif the noise figure as a factor of merit. Once the best drain voltage is determined, the drain (output) and gate (input) circuits are designed in the large signal conditions; the small signal characteristics are automatically obtained; the converse procedure which consists of optimizing the small signal first is not valid. A delicate item is the output fotur part combiner of which each way must be carefully balanced to avoid any waste of power. The main parameters of the amplifiers are listed in Table 2 point should be at least 6 dB above 1 dB compression point at midband *) "Slow" means that the phase deviation from linear can be described by at most one period of a sine/cosine function over the band. For higher-order periods the expression "fast" applies. since, on one hand, systems which were unconceivable ten years ago, have become reality and on the other hand, specific developments, like macrocircuits or solid state power amplifiers should have a broad range of application.
